A partial nucleotide sequence of the mRNA encoding a major part of elongation factor 1 a ( EFl a) from a mitochondria-lacking protozoan, Giardia lambfia, was reported, and the phylogenetic relationship among lower eukaryotes was inferred by the maximum-likelihood and maximum-parsimony methods of protein phylogeny. Both the methods consistently demonstrated that, G. lamblia among the four protozoan species being analyzed, is the earliest offshoot of the eukaryotic tree. Although the Giardia EFla gene showed an extremely high G+C content as compared with those of other protozoa, it was concentrated only at the third codon positions, resulting in no remarkable differences of amino acid frequencies vis-$-vis those of other species. This clearly suggests (a) that the amino acid frequencies of conservative proteins are free from the drastic bias of genome G+C content, which is a serious problem in the widely used tree of ribosomal RNA, and (b) that protein phylogeny gives a robust estimation for the early divergences in the evolution of eukaryotes.
Introduction
Phylogenetic placing of protozoa that lack mitochondria is crucial in clarifying the early evolution of eukaryotes (Cavalier-Smith 1987 . On the basis of the sequence comparisons of small-subunit ribosomal RNA ( SrRNA), Sogin ( 199 1) and Sogin et al. ( 1989a Sogin et al. ( , 1989b proposed a eukaryotic tree including mitochondria-lacking protozoa. According to the SrRNA tree, among mitochondria-lacking protozoa,
Giardia lamblia and Vairimorpha necatrix represent the earliest and second earliest offshoots, respectively, while
Entamoeba histolytica (also lacking mitochondria) separates from higher eukaryotes after Euglena gracilis and Trypanosoma brucei (both with mitochondria) have diverged. However, the G+C content of SrRNA sometimes differs drastically among species, as does genome G+C content. The G+C content of the G. lamblia SrRNA (Sogin et al. 1989b ) is very high (74.7%), while those of V. necatrix (Vossbrinck et al. 1987 ) and E. histolytica (Que and Reed 199 1) are very low (37.4% and 38.3%, respectively) .
Because the bias cannot be taken into account in inferring the tree by any of the existing methods of tree reconstruction, the SrRNA tree may be misleading. It seems desirable to reexamine the place of mito-chondria-lacking protozoa by using alternative data . On the basis of maximum-likelihood (ML) analyses (Kishino et al. 1990; Adachi and Hasegawa 1992) (Hashimoto et al. 1992) . These results also are in disagreement with the SrRNA tree. Since the phylogenetic placing of G. lamblia is crucial in understanding the early evolution of eukaryotes (see Kabnick and Peattie 199 1 ), we here report a partial nucleotide sequence of the mRNA encoding a major part of EFl a from G. lamblia, and we examine a phylogenetic relationship among eukaryotes including mitochondrialacking protozoa.
Material and Methods
Sequence Analysis of Giardia lamblia EFl a A Polish strain of G. lamblia was maintained in culture at 37°C in Diamond's medium TYI-S-33 (Keister 1983) supplemented with 10% newborn-calf serum, bovine bile (0.5 mg/ml), and L-cystein (2 mg/ml).
Trophozoites adherent to the inner surface of the culture bottles ( 1 X 106/ml) were harvested by 3,000 X g for 10 min after the culture was cooled at 5°C for 10 min. Extraction of total and poly ( A) + RNAs was performed by standard techniques (Sambrook et al. 1989 ). Poly(A)+ RNA was treated with murine reverse transcriptase (Pharmacia LKB), and the resultant RNA: cDNA duplex was used as a template for polymerase chain reaction (PCR) using Taq DNA polymerase (Perkin Elmer Cetus) . Cycling conditions were 95°C for 1 min, 55°C for 2 min, and 72°C for 5 min, for 30 cycles. At first, a pair of degenerate oligonucleotide primers, A 1 and A2, shown in figure 1, corresponding to the highly conserved amino acid sequences, PVGRVETG and DMRQTVAV, respectively, were used, and a 0.5-kb amplified product ( fragment, I) was cloned into pUC 18. After sequence analysis of fragment I, a second pair of primers, Bl and B2, also shown in figure 1, was used for further amplification of the upstream region. The degenerate primer, Bl, corresponded to the conserved amino acid sequence, VIGHVDSGK, and the unique primer, B2, was complementary to nucleotide positions 7'19-746. An amplified product (fragment II) showed 0.75 kb, and it was cloned into pUC 18 for sequence analysis. On the sequencing of both fragments I and II, more than three independent clones were sequenced with both strands by using the double-stranded dideoxy sequencing method (Sambrook et al. 1989 ) (Sequenase version 2; USB ) .
Phylogenetic Analyses
EFl a sequences from 13 eukaryotes and from 3 archaebacteria were used with the Giardia EFla, for phylogenetic analyses. Species names are as follows: ( 1) animalsHomo sapiens ( Brands et al. 1986 ), Xenopus laevis (kieg et al. 1989 ) , Drosophila melanogaster Fl (Hovemann and Richer 1988) , and Artemia salina (van Hemert et al. 1984) ; (2) fungi--Saccharomyces cerevisiae (Nagashima et al. 1986 ), Candida albicans ( Sundstrom et al. 1990 )) Mucor racemosus ( Linz et al. 1986) , and Absidia glauca (A. Burrnester, personal communication; EMBL X54730), (3) green plantsArabidopsis thaliana ( Axelos et al. .I 989) and Lycopersicon esculentum (Pokalsky et al. 1989) ; (4) Lechner and Bock 1987) ) and Halobacterium marismortui (Baldacci et al. 1990 ). In two positions in the amino acid sequence of Entamoeba histolytica, residues in the original data (De Meester et al.
199 1) were inconsistent with those translated from the EMBL M92073 data. The latter was used in the analyses. The higher eukaryotic and the archaebacterial species were grouped, respectively, on subtrees E and A, according to our previous results (Kishino et al. 1990 ). In order to evaluate the robustness of the ML analyses against the violation of assumed Markov models, three different models for the transition probabilities were taken into consideration:
( 1) the Dayhoff model (Kishino et al. 1990; Adachi and Hasegawa 1992) ) (2) the proportional model , and ( 3 ) the Poisson model . Standard errors ( SEs) of log-likelihood differences were estimated by equation ( 12 ) of Kishino and Hasegawa ( 1989 ) . Bootstrap probability for tree i, Pi, being the ML tree among 105 alternatives was estimated by the RELL method given by Kishino et al. ( 1990) . The goodness of approximation for different models were compared by Akaike information criterion (AIC), defined as AIC = -2X (log likelihood) + 2X( no. of free parameters).
A model that minimizes AIC is considered to be the most appropriate model (see Sakamoto et al. 1986 ). The maximum-parsimony analysis based on the Felsenstein program, PROTPARS in PHYLIP version 3.2, was also applied to the same data set, to compare the results presented by the ML analyses.
Results and Discussion
Three hundred ninety-six amino acid sites of Giardia lamblia EFl a were predicted from an mRNA sequence that covers a major part of the coding region excluding both the N-and C-terminal regions ( fig. 1 ). The predicted amino acid sequence was aligned with other eukaryotic and archaebacterial EF 1 a's. On the basis of this alignment (data not shown), 382 sites were used for the following analyses. Figure 2A shows average base frequencies for each codon position, from four protozoan species -G.
lamblia, Entamoeba histolytica, Plasmodium falciparum (with mitochondria),
and Euglena gracilis. In the third codon positions, the G+C contents of Entamoeba histolytica (De Meester et al. 199 G+C contents of the third position of the largest subunit of DNA-dependent RNA polymerase III (Lanzenddrfer et al. 1992 ) and glyceraldehyde 3-phosphate dehydrogenase (M. W. Smith and R. F. Doolittle, personal communication; EMBL M88062) are 52.5% and 77.5%, respectively. However, the extremely biased G+C contents of EFl a are confined only to the third positions. Although there exist some minor biases in the base T or base C of the first positions, the first and second positions are almost unaffected by the putative pressure of directional mutation ( fig. 2A ) . Since the second positions are under the strongest selective constraint, it might be understandable that they are not affected by the directional mutation pressure. As shown in figure 2B , the average frequencies of 382 amino acid sites from the same species set clearly demonstrate that the extremely biased G+C contents of these four species do not significantly influence the amino acid frequencies. Contrary to SrRNAs, amino acid sequences of EF 1 a seem to be free from the different G+C biases of genome DNA that are seen among lineages. Similarly to EF 1 a, no significant biases are observed either in the amino acid frequencies of the largest subunit of DNA-dependent RNA polymerase III (see Hashimoto et al. 1992 ) or in glyceraldehyde 3-phosphate dehydrogenase (data not shown). Hence it seems better to infer an evolutionary tree from amino acid sequences, rather than from SrRNA sequences.
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Phylogenetic relationships of eukaryotes including the four protozoan species were then analyzed by the ML and maximum-parsimony methods. The ML analyses, assuming the Dayhoff, the proportional, and the Poisson models for transition probabilities, consistently suggest a tree ( fig. 3) , in which G. lamblia, Entamoeba histolytica, and Plasmodium falciparum represent, respectively, the earliest, second earliest, and third earliest offshoots of the eukaryotes. The maximum-parsimony analysis also favors a tree consistent with the ML tree. The AICs of the ML trees were 12,560.02, 13,452.53, and 13,746.61 the tree with the second highest log likelihood and the tree with the third highest log likelihood (12 and 13, respectively) cannot be significantly discriminated from the ML tree by the criterion of 1 SE for log-likelihood differences.
In the tree showing the second highest log likelihood, the places of Entamoeba histolytica and Plasmodium falciparum are exchanged ( lz -1, = -0.92k8.19; P2 = 0.3106 lamblia is likely to be the outgroup to the other protozoa and higher eukaryotes. Among these 15 trees, however, the subtotal of bootstrap probabilities for the three trees placing Euglena gracilis as the second offshoot next to G. lamblia is only 0.0 107, so that the possibility is quite unlikely. This is in disagreement with the suggestion derived from the SrRNA tree.
Since the sequence data of EFl a from Trypanosoma and some other protozoan species have not yet been reported, the results derived from the present analyses are not always comparable with those based on the SrRNA and/or other proteins. There still remain many problems with regard to the phylogenetic placing of protozoa including mitochondria-lacking species. Further sequence data on the genes encoding conservative proteins-such as elongation factors, RNA polymerases, and ATPases-from several protozoa would be highly desirable as a help in understanding the early evolution of eukaryotic cells.
Sequence Availability
The nucleotide sequence data reported here appear in the DDBJ, EMBL, and GenBank databases, under accession number D 14342.
